Dirofilaria repens is a zoonotic, mosquito-borne filaria infecting carnivores, particularly dogs. It is expanding its range in Europe but epidemiological information is sparse for other Eurasian regions. In Hong Kong and India, the closely related spe- 
| INTRODUCTION
The filaroid genus Dirofilaria in the family Onchocercidae contains two subgenera (Dirofilaria and Nochtiella) and 27 species currently considered to be valid, most of them in the subgenus Nochtiella (Canestri Trotti, Pampiglione, & Rivasi, 1997; Dantas-Torres & Otranto, 2013) . Most of the species infect definitive host species that are not of major economic importance, such as various wild carnivores, primates, three-toed sloths or rodents, while one rarely reported species (Dirofilaria sachsi) infects bovids (Canestri Trotti et al., 1997) . However, there are two species which cause important canine vector-borne diseases: Dirofilaria immitis and D. repens (Dantas-Torres & Otranto, 2013; Genchi, Guerrero, McCall, & Venco, 2007; Simón et al., 2012) . Dirofilaria immitis is distributed worldwide in warm regions (Dantas-Torres & Otranto, 2013; Genchi et al., 2007; Simón et al., 2012) and macrofilaria are located in the pulmonary artery where they cause severe chronic disease in infected dogs. In heavy infections, macrofilaria may be found in the right ventricle and the right atrium of the heart. In comparison, D. repens is considered to be only mildly pathogenic or apathogenic since macrofilaria are mostly located in subcutaneous tissues (Genchi & Kramer, 2017) . Dirofilaria repens has been frequently reported from Europe and Asia and infrequently from Africa but has not been reported from the Americas, Australia and Japan (Genchi et al., 2007; Fernando Simón et al., 2012) . In addition to dogs, D. repens is known to also infect other carnivores such as domestic cats (Genchi et al., 2007) and several wild carnivores of the families Canidae, Felidae and Mustelidae (Ionică et al., 2017) . repens is of much higher zoonotic importance than D. immitis in Europe although both are widely distributed in the Mediterranean area (Genchi, Kramer, & Rivasi, 2011; Pampiglione & Rivasi, 2000) .
There is a clear, recent expansion of D. repens into more northern and particularly north-eastern European countries. While transmission in southern Russia in close vicinity to the Black Sea (Ermakova, Nagorny, Krivorotova, Pshenichnaya, & Matina, 2014; Ermakova, Nagorny, Pshenichnaya, Ambalov, & Boltachiev, 2017) is not very surprising considering subtropical conditions in the summer season in these areas, potential but not always proven autochthonous transmission has been described from northern Germany (Czajka et al., 2014; Sassnau et al., 2013; Tappe et al., 2014) , Lithuania (Jokelainen et al., 2016) and even as far north as Finland (Jokelainen et al., 2016) . Reports of human, canine and feline infections with D. repens from Asia (e.g., Al-Abd et al., 2015; Ashrafi, Golchai, & Geranmayeh, 2010; Dissanaike, Abeyewickreme, Wijesundera, Weerasooriya, & Ismail, 1997; Lee, Kim, Chong, Klein, & Lee, 2007; Rohela et al., 2009; Wongkamchai et al., 2014) and Africa (e.g., Moodley et al., 2015; Mukendi, Kimbita, Mbanzulu, Maindo, & Misinzo, 2016; Noden & Soni, 2015) are quite rare, presumably because of considerable under diagnosis in resource-poor communities.
Comparisons between D. immitis from North America and Europe on a genomic level revealed a surprising lack of genetic difference (Belanger, Perkins, & Rockwell, 2011; Godel et al., 2012 . In humans, the parasites were detected in lymph nodes and subcutaneous tissue as well as in the eyelid or in a subconjunctival location (Kwok et al., 2016; To et al., 2012; Winkler et al., 2017; Yilmaz et al., 2016) . Two of the reported human cases were found in European travellers after a vacation to India suggesting that the C. D. hongkongensis genotype is widely distributed in Asia (Winkler et al., 2017; Yilmaz et al., 2016) . This is further confirmed by cytochrome oxidase data from human cases in southern India (Nazar, Lakshmanan, & Jayavardhanan, 2017) as well as Vietnam (De, Le, & Chai, 2012) although no sequences were deposited in public databases for the latter cases.
However, a D. repens sequence very similar to European sequences has also been reported from Vietnam (Yilmaz et al., 2016) suggesting overlapping geographical ranges of the two proposed species. A previous study reporting full-length mitochondrial genomes of D. repens and C. D. hongkongensis showed that the genetic distance between D. repens and C. D. hongkongensis is high enough that both potentially represent different species although it was still smaller than for any other pair of onchocercid species for which full mitochondrial genome sequences were available (Yilmaz et al., 2016) . However, simple BLASTn comparisons between an unpublished, non-annotated mitochondrial genome of the cattle parasite Onchocerca ochengi and the human parasite Onchocerca volvulus showed a higher degree of identity (97%) than the corresponding comparison between D. repens and C. D. hongkongensis (94%) (Yilmaz et al., 2016 ). An approximately 2.5 kb PCR fragment 4, containing the protein-coding genes nduo1 and ndfl4, the small rRNA gene and the highly variable AT-rich non-coding control region of the mitochondrial genome, had been sequenced from 42 canine samples collected from several European countries in addition to a few human-derived samples. Analysis of sequences revealed only a minimal structuring of the European D.
repens population. In contrast, two sequences from feline blood from Thailand designated as Dirofilaria sp. "Thailand II" were more closely related to the mitochondrial genome sequence from a worm collected from a traveller returning from India and identified as C. D. hongkongensis (Yilmaz et al., 2016) . However, the differences between C. D. hongkongensis and Dirofilaria sp. "Thailand II" were much higher than differences between all sequences derived from Europe (Yilmaz et al., 2016) . The partial mitochondrial genomic sequences included the highly variable, non-coding control region which might result in bias and overestimation of the phylogenetic distance. Therefore, the present study aimed to obtain full-length 
| PCRs and sequence analyses
Amplification of overlapping mitochondrial genome sequences was not possible with some primer pairs previously used for D. repens (Yilmaz et al., 2016) . Additional primers were designed based on alignments of mitochondrial sequences of C. D. hongkongensis, D.
repens, D. immitis, O. volvulus, O. ochengi and Onchocerca flexuosa
aiming to obtain overlapping PCR amplicons of approximately 2,500 bp. Whenever a fragment was successfully amplified and sequenced, it was used to design new, non-degenerated primers for flanking regions. PCR reactions contained 0.02 U/μl Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo Scientific, Schwerte, Germany), 0.5 μM of each primer, 0.2 mM dNTPs, 1 M betaine (Sigma-Aldrich, Steinheim, Germany) in 50 μl 1× Phusion HF buffer.
After denaturation at 98°C for 2 min, 50 cycles of 98°C for 5 s, a primer-pair specific annealing temperature for 30 s and 72°C for 2 min were conducted. All primers and information regarding specific annealing temperatures are provided in Supporting information Table S1 . Agarose gel electrophoresis in the presence of the fluorescence DNA stain GR Green (Labgene, Châtel-Saint-Denis, Switzerland) was used to analyze PCR products, which were gel-purified under excitation with blue light (488 nm peak) using the Gel DNA recovery kit (Zymo Research, Freiburg, Germany) before cloning into the pSC-B-amp/kan vector (StrataClone Blunt Cloning Kit, Agilent Technologies, Waldbronn, Germany). Clones with inserts were Sanger sequenced by primer walking on both strands at LGC Genomics (Berlin, Germany). Finally, individual reads were assembled into a consensus sequence using CloneManager 9 software (Scientific & Educational Software).
| Mitochondrial genome annotation
Open-reading frames were identified by basic local alignment (tBLASTn) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with proteins encoded in the mitochondrial genomes of other spirurida with a particular focus on D. immitis and D. repens (Altschul, Gish, Miller, Myers, & Lipman, 1990; Johnson et al., 2008) . Initially, prediction of tRNAs was performed using the tRNAscan-SE 1.21 (http://lowelab. were aligned with option Q-INS-i that considers predicted secondary structure information in the alignment optimization, while 12S rRNA sequences were aligned with the G-INS-i option with gap-opening and offset values increased to 3 and 1 respectively (Katoh & Standley, 2013; Wilm, Mainz, & Steger, 2006) . Protein alignments were obtained using the M-Coffee mode of T-Coffee (http://tcoffee.crg.ca t/) (Wallace, O'Sullivan, Higgins, & Notredame, 2006 ) using default parameters. Optimal substitution models for each protein alignment were determined using ProtTest 3 (http://darwin.uvigo.es/software/ prottest_server.html) according to the lowest AIC or AICc (for short alignments) (Darriba, Taboada, Doallo, & Posada, 2011; Guindon & Gascuel, 2003) . Gene-wise alignments were concatenated into a supermatrix using the FASconCAT-G (https://www.zfmk.de/en/resea rch/research-centres-and-groups/fasconcat-g) (Kück & Longo, 2014) software. For the final analysis, the CIPRES Science Gateway server (https://www.phylo.org/) (Miller, Pfeiffer, & Schwartz, 2010 ) was used to perform a maximum-likelihood analysis with data partitioned according to the different encoded proteins or rRNAs using RAxML 8.2.10 with 4 Γ distributed substitution rate categories if the +G option was used in the particular partition (Stamatakis, 2014 F I G U R E 2 phylogenetic analysis of onchocercidae based on complete mitochondrial genome sequences. As outgroup (shown collapsed), the mitochondrial genomes of the spirurids Heliconema longissimum (GQ332423), Spirocerca lupi (KC305876), Thelazia callipedia (JX069968) and Gongylonema pulchrum (KM264298) were used. All other GenBank accession numbers are provided in the figure. The three full-length mitochondrial genomes from Dirofilaria sp. "Thailand II" obtained from the feline samples T1-T3 were deposited in GenBank with the accession numbers MH823370 -MH823372. Partitioned alignments of encoded protein sequences and of the rRNA genes were obtained by concatenating individual alignments followed by analysis in RAxML using the rapid bootstrapping algorithm. Statistical support for individual nodes is indicated with numbers before the slash representing bootstrap values and numbers after the slash are the results of a ShimodairaHasegawa likelihood ratio test. Due to limited space, only small letters are printed at some nodes and node support is indicated after the same letter on the left. If the results of both tests were identical, only a single value is presented. The scale bar represents 0.05 substitutions per site. Except for one Onchocerca ochengi sequence, which was obtained from nematodes.org, the GenBank accession number is indicated in the tree. For the O. ochengi from nematodes.org, the BioProject number PRJEB1809 is shown agreement with multi-locus phylogenetic analyses including both, mitochondrial and nuclear genetic markers (Lefoulon et al., 2015) . , 2013) . However, combined analysis of nuclear and mitochondrial sequences including offspring of genotyped females (Hildebrandt, Eisenbarth, Renz, & Streit, 2014) and complete mitochondrial genomes and partial genome sequence analyses (Jaleta et al., 2018) confirmed that "ochengi" and "Siisa" genotypes can freely interbreed and that these mitochondrial genotypes are not associated with specific nuclear genotypes. Subtrees containing the Figure 3a ,b, respectively. In Figure 3a , the "Siisa" genotype is not separated from the "ochengi" genotypes but located within the 
The monophyly of the genus

O. volvulus-like and the D. repens-like OTUs were redrawn in
| Molecular heterogeneity of Dirofilaria repenslike filarial infections in cats in Thailand
In the survey conducted in Narathiwat in 2013/2014, D. repens-like microfilaria were also observed with a low prevalence of 0.6% in cats in Thailand (Wongkamchai et al., 2014) . A survey of 153 dog samples from the same study area found only D. immitis, with a prevalence of approximately 25% (Wongkamchai et al., unpublished data) . In a survey conducted by Kob-asa et al. in 2007, D. immitis F I G U R E 4 Phylogenetic tree calculated on DNA level from approximately 2.5 kb partial mitochondrial genome sequences. Only sequences from Dirofilaria repens-like filaria were included. Numbers of vouchers and the country of origin are provided for all sequences. Corresponding GenBank entries are KX265047-KX265093. For the Candidatus Dirofilaria hongkongensis-like nematodes, the host species is also listed. Sequences from feline samples from Thailand have been assigned to the accession numbers MH823370 -MH823376 in GenBank. An unpartitioned alignment was calculated using MAFFT and used to estimate a maximum likelihood tree with RAxML. Before and after the slash, node support values obtained from rapid bootstrapping and the Shimodaira-Hasegawa likelihood ratio test respectively. The scale bar indicates 0.002 substitutions per site species discussed so far although they clearly belong into the C. D. hongkongensis-like clade of samples (Figure 4) (Bajer, Rodo, Mierzejewska, Tołkacz, & Welc-Faleciak, 2016; Genchi et al., 2007; Traversa et al., 2010) . After analysis of 200 canine and 100 feline samples from Hong Kong with PCR, C. D. hongkongensis was found in 3% of the dogs whereas all cats were negative . These data are too sparse for a definite conclusion but at least suggest that the putative species/genotypes detected in , 2015) further supports this hypothesis since this study area is only about 400 km away from Narathiwat. However, in the absence of prevalence and associated molecular data for dogs, it can only be speculated that one of the putative species/genotypes found in Thailand might be involved in feline cutaneous dirofilariosis in Malaysia as well. Broad field studies collecting material from domestic cats and dogs as well as widely distributed wild felids (e.g., leopard cat Prionailurus bengalensis, asiatic golden cat Pardofelis temminckii), canines (e.g., golden jackal Canis aureus) but also in Thailand widely distributed viverids (e.g., common palm civet Paradoxurus hermaphroditus, large Indian civet Viverra zibetha, hog badger Arctonyx collaris, crab-eating mongoose Herpestes urva) and mustelids (e.g., yellow-throated marten Martes flavigula) (Chutipong et al., 2011 (Chutipong et al., , 2014 will be required to characterize host preference and identify potential reservoir hosts.
In conclusion, the molecular data on D. repens-like filaria infecting carnivores in Asia show a diversity which is compatible with the hypothesis that they belong to different species. However, in the absence of morphological data regarding adult nematodes, it is not feasible to postulate identification of new species (Dantas-Torres & Otranto, 2013) . Out of the 22 species in the subgenus Nochtiella considered to be valid by Dantas-Torres and Otranto (2013) , twelve were reported from carnivores. Four of these (Dirofilaria granulosa, Dirofilaria minor, Dirofilaria pagumae and Dirofilaria ursi) were reported from Asia, and it may be that one or more of the three reported genotypes (C. D. hongkongensis, Dirofilaria sp. "Thailand II"
and Dirofilaria sp. "Thailand III") are in fact synonyms of these species. In South America, D. repens-like microfilaria with distinct morphological and molecular features have also been described (López, Valiente-Echeverría, Carrasco, Mercado, & Abarca, 2012 ) suggesting that we currently understand only a small part of the diversity of this parasite group. Detailed comparisons of morphological features of adults and microfilaria together with molecular data regarding sufficiently large mitochondrial and nuclear markers will be required to elucidate the identity of the different species and genotypes, their geographic distribution, their host affinity patterns and their zoonotic potential.
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